Although dehydroepiandrosterone (DHEA) may exert neuroprotective effects in the developing brain, prolonged or excessive elevations in cortisol may exert neurotoxic effects. The ratio between DHEA and cortisol (DC ratio) has been linked to internalising and externalising disorders, as well as cognitive performance, supporting the clinical relevance of this hormonal ratio during development. However, the brain mechanisms by which these effects may be mediated have not yet been identified.
| INTRODUC TI ON
Adrenal responses to stress (including an increase in cortisol production in response to hypothalamic-pituitary-adrenal (axis activation) play an important role in flight-or-fight behaviours across the lifespan and, in an acute situation, represent an adaptive response to external stressors. However, because cortisol increases the body's catabolic state, drawing upon the brain as well as the body's energy reserves, a built-in buffering mechanism of this adrenocortical response is necessary to prevent long-term detrimental effects. The adrenal steroid hormone dehydroepiandrosterone (DHEA) may play a part in buffering the adverse effects of a chronic elevation in cortisol levels, in part via its anti-glucocorticoid properties in the liver, the skin and the brain. 1 As such, examination of both adrenal hormones may provide a more accurate assessment of the body's anabolic/catabolic state than either hormone measured alone.
Direct exposure to glucocorticoids in vitro or via stress models that trigger excessive or prolonged cortisol release (such as immobilisation or social defeat) has been demonstrated to reduce hippocampal cell volume and arborisation of dendritic spines. 2 Glucocorticoids may exert this effect by inhibiting proliferation and differentiation of oligodendrocytes, thus inhibiting myelination, and by triggering the transformation of microglial cells toward a phagocytic and neurotoxic phenotype. 3 By contrast, DHEA may stimulate neurogenesis and protect against neuronal injury as a result of excessive or prolonged exposure to glucocorticoids in both hippocampal and cortical structures. 4 The buffering and protective effects of DHEA against neurotoxic effects of glucocorticoids may be especially relevant during childhood when the brain experiences an increase in metabolic activity in the context of adrenarche.
1
In line with these in vitro and animal studies, our group found that DHEA may support attentional and working memory processes via its impact on cortico-hippocampal and cortico-amygdalar networks. 5 By contrast, prolonged or excessive exposure to cortisol may decrease cognitive performance (in particular, verbal declarative memory and episodic autobiographical memory), modulate the risk for depression and conduct disorders, and have significant neurotoxic effects on cortico-limbic systems during development. 6 Notably, the extent and magnitude of these developmental effects may only be fully appreciated during middle adulthood or even old age, 6 suggesting that some of these hormonal effects may be additive over time. In this context, it is perhaps not surprising that a higher ratio of DHEA relative to cortisol (DC ratio) has been associated in several, although not all, studies with a lower risk of psychiatric disorders (eg, major depression, conduct disorder, attention-deficit hyperactivity disorder).
7
The roles of DHEA and cortisol in modulating brain structure and function might vary according to sex. There is prior evidence of sexual dimorphisms in hypothalamic-pituitary-adrenal axis regulation in both animals and humans. 8 In addition, DHEA was shown to regulate the main source of energy for the brain, glucose uptake, as well as glucose oxidation, in a sex-dependent manner, 9 and the process of adrenarche (with its increased production of adrenal steroids such as DHEA and cortisol) begins earlier in girls vs boys.
10
Similarly, sex differences in human brain structure have been identified. In particular, hippocampal volumes increase linearly in late childhood in both sexes but then follow different trajectories whole-brain cortical thickness, and measures of personality, behaviour and cognition in a longitudinal sample of typically developing children, adolescents and young adults aged 6-22 years (N = 225 participants [F = 128] ; 355 scans [F = 208] ), using mixed effects models that accounted for both within-and between-subject variances. We found sex-specific interactions between DC ratio and anterior cingulate cortex-hippocampal structural covariance, with higher DC ratios being associated with a more negative covariance between these structures in girls, and a more positive covariance in boys. Furthermore, the negative prefrontal-hippocampal structural covariance found in girls was associated with higher verbal memory and mathematical ability, whereas the positive covariance found in boys was associated with lower cooperativeness and reward dependence personality traits. These findings support the notion that the ratio between DHEA and cortisol levels may contribute, at least in part, to the development of sex differences in cognitive abilities, as well as risk for internalising/externalising disorders, via an alteration in prefrontal-hippocampal structure during the transition from childhood to adulthood.
K E Y W O R D S
adolescence, adrenarche, androgens, cognition, puberty in males and females later during adolescence such that the linear increase continues for males, whereas there may be no change or a slight decrease in hippocampal volumes in females. [11] [12] [13] Dendritic pruning has also been described in the medial prefrontal cortex ( Figure 1 ) of female but not male rats, suggesting sex-specific dendritic pruning in cortical regions as well. 11, 14 Surprisingly, it remains unclear to what extent sex differences in the hippocampus are affected by pubertal steroid hormones. On the other hand, prefrontal neurones have been shown to be sensitive to pubertal hormones, and the sex difference in neuronal number favouring males emerges only after puberty. 15 Although both sexes lose prefrontal neurones after puberty, females do so to a greater extent. 16 Interestingly, structural covariance of the hippocampus also shows distinct patterns in men and women: in men, the posterior hippocampus showed reliable structural covariance with the medial and lateral parietal lobes and the prefrontal cortex, whereas in women, the anterior hippocampus showed reliable structural covariance with the anterior temporal lobe bilaterally. 17 Thus, any effects of pubertal hormones on cortical areas such as the prefrontal cortex could potentially extend to include the hippocampus via their mutual structural connections.
Several behavioural and cognitive measures show increasing sexual dimorphisms during adolescence. For example, compared to their male counterparts, female adolescents report more symptoms of internalising disorders (eg, major depression, generalised anxiety), whereas male (vs female) adolescents report more symptoms of externalising disorders (eg, conduct disorders), with this difference also increasing as adolescents mature. 18 Girls score higher on most aspects of personality compared to age-matched boys (eg, higher neuroticism scores starting at age 14 years, higher openness and conscientiousness scores between 12 and 17 years). 19 Overall, female adolescents also tend to outperform their male counterparts in several executive domains, including processing speed and selective attention. 18 Sex differences in verbal memory favouring girls have been well documented, although they may arise before puberty.
20
By contrast, there is a documented robust sex differences in visuospatial abilities favouring boys throughout childhood and adolescence. 21, 22 It remains controversial whether these sex differences in visuo-spatial abilities extend to mathematical abilities. 23 This may be because sex differences in mathematical abilities can vary in direction depending on mathematical domai (eg, calculation skills may rely more prominently on working memory and retrieval strategy, favouring women, whereas mathematical fluency may rely more significantly on visuo-spatial skills, favouring men). 16 Because of these contrasting differences, there may be in turn no overall sex difference when examining overall mathematical performance.
16
Interestingly, even in a context where no sex differences in mathematical abilities are present, structural and functional neural processing of mathematical cognition may be more efficient in women compared to men.
24
F I G U R E 1 Associations between dehydroepiandrosterone (DHEA)/cortisol ratio, anterior cingulate cortex (ACC)-hippocampal structural covariance and verbal as well as calculation skills in girls. The negative ACC-hippocampal covariance seen at higher DHEA/cortisol ratios was associated with higher scores on tests of verbal memory (California Verbal Learning Test, immediate free recall, trial 5, number of correct words recalled) and mathematical ability (Woodcock-Johnson Calculation). Overall regression-fit-lines for ACC-hippocampus covariance are shown for different percentiles (20th, 40th, 60th, 80th, 100th) of DHEA/cortisol ratios and cognitive/behavioural scores. Note that the ACC area shown is not a pre-defined region-of-interest. Rather, this is the only region across the whole brain whose sex-specific relationship to the hippocampus significantly varied as a function of DHEA/cortisol ratio (controlled for multiple comparisons using random field theory). In addition, note that the y-axes of graphs list standardised residuals of cortical thickness (CTh) (accounting for the effects of age, sex, handedness, scanner and total brain volume in all analyses, as well as collection time for hormonal analyses)
.
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Thus, hormonal states, brain structure and cognitive function all display sexual dimorphisms. [8] [9] [10] [23] [24] [25] [26] Although some of these differences may be attributed to sex chromosomes, there is also evidence suggesting causal pathways linking brain-hormone and cognitive development. For example, a lower ratio of DHEA relative to cortisol (DC ratio) or a higher ratio of cortisol to DHEA (CD ratio) have both been associated in several, although not all, studies with a higher risk of internalising and externalising symptoms.
7
Although a decrease in CD ratios throughout the day have been associated with a decrease in personality disorder symptoms in adult women, 27 lower CD ratios may be associated with less adaptive coping skills and resilience in children. 28 There is also evidence that higher DHEA levels may optimise working memory and executive function, whereas higher cortisol levels may increase distractibility and as a result, impair executive function. [29] [30] [31] Similarly, DHEA may have a beneficial effect on verbal abilities, particularly in women, 30 whereas higher cortisol levels have been associated with decreased performance on tests of verbal memory and learning. 32 Higher CD ratios have also been associated with lower visuo-spatial memory performance in both men 33 ; conversely, administration of DHEA improved visuo-spatial abilities in women at a given cortisol level.
34
However, both studies examined subjects much older than those included in the present study. Finally, DHEA and cortisol were also found to alter performance on a difficult mathematical task, with DHEA playing a more important and beneficial role than cortisol in this regard. 35 Despite these demonstrated associations between DC (or CD) ratios and sexually dimorphic cognitive/behavioural measures, prior studies from our group have not demonstrated sex differences in cortico-hippocampal or cortico-amygdalar structural variance related to DHEA in humans. 5, 36 Therefore, it remains unclear to what extent DC-related alterations in structural covariance would lead to a sex-specific difference in behaviour or cognition, and this has not been formally tested up to now. Still, when taken together, these studies suggest that certain anatomical and functional brain circuits 37 are regulated by DHEA and cortisol, in particular the cortico-hippocampal and cortico-amygdalar networks, and that these circuits may, at least in part, contribute to the development of sex differences in cognition and behaviour. For example, we found that DHEA may optimise cortical functions related to general attentional and working memory processes but impair the development of bottom-up, hippocampal-to-cortical connections, resulting in impaired encoding of spatial, and possibly even social, cues.
36
Although our group previously documented the relationship between DHEA levels and cortico-hippocampal structural covariance, 36 there are no prior studies, to our knowledge, examining the relationship between cortisol and cortico-hippocampal covariance.
As such, our hypotheses focus on DC ratio -as opposed to CD ratio-.
Although the expected direction of associations is difficult to predict given the scarcity of studies on the subject, one could hypothesise, based on the evidence available, that prefrontal-hippocampal structural networks may be particularly sensitive to the effects of both DHEA and cortisol, and that this effect is to likely to be sex-specific. In addition, we hypothesised that DC-related cortico- 
| Neuroimaging measures
A three-dimensional T1-weighted spoiled gradient recalled echo sequence from 1. head for most scanners. In addition, T2-weighted and proton density-weighted images were acquired using a two-dimensional multislice (2 mm) dual echo fast spin echo sequence. Fully automated analysis of whole-brain cortical thickness was conducted via the CIVET pipeline, developed at the Montreal Neurological Institute (Montreal, QC, Canada). First, a multistage quality control process was implemented, excluding participants with white or grey matter artifacts. All quality-controlled magnetic resonance images were subsequently processed through the CIVET pipeline. These processing steps have been described at length elsewhere. 39 Volumetric measures of the hippocampus were obtained from MRI data using a fully automated segmentation method validated in human participants. 40 This method utilises a MRI dataset (N = 80) of young healthy adults that serves as a template library of manuallylabelled hippocampal volumes. Even though the template library of manually labelled hippocampal volumes consisted of data from healthy young adults, using the ANIMAL pipeline combined with this template library results in a method that is fairly resistant to developmental volumetric deviations, as shown by its high Dice Kappa and Jaccard similarity values. 40 In addition, previous comparisons between paediatric and adult structural MRI brain templates detected no systematic bias in comparisons made between adults and children aged over 6 years of age in our NIHPD dataset. The manual segmentation was performed by four different raters, and intra-class intra-rater and inter-rater reliability varied between r = 0.83 for the right and r = 0.95 for the left hippocampus. From this manual segmentation, a fully automated method was derived, characterised by label fusion techniques that combine segmentations from a subset of 'n' most similar templates. Specifically, each template is used to produce an independent segmentation of the participant using the ANIMAL pipeline, followed by a thresholding step to eliminate cerebrospinal fluid, which results in 'n' different segmentations. To fuse the segmentations at each voxel, a voting strategy is used; the label with the most votes from the 'n' templates is assigned to the voxel. 40 Combining multiple segmentations minimises errors and maximises consistency between segmentations. When using n = 11
templates, the label fusion technique has been shown to yield an optimal median Dice Kappa of 0.886 and Jaccard similarity of 0.796 for the hippocampus. 40 Of note, the relationship between DC ratio, cortico-amygdalar structural covariance and cognition is addressed elsewhere. 38 Here, we use structural covariance between the cortex and hippocampus as a measure of coordinated growth between these structures. If greater cortical thickness correlates with greater hippocampal volume, we term this "positive covariance". If greater cortical thickness correlates with lower hippocampal volume, we term this "negative covariance". Structural covariance has been hypothesised to result from the combined influence of mutually trophic (or apoptotic) factors. 41 As such, cortico-limbic structural covariance may be uniquely determined in each subject, presumably by a combination of genetic and environmental factors. 41 In addition, there is some evidence that structural covariance networks parallel the development of functional networks from childhood to young adulthood. 42 Accordingly, cortico-hippocampal structural covariance may also represent a valid measure of structural connectivity and coordinated functional activation between these structures during development. DHEA, dehydroepiandrosterone; DC, ratio between DHEA and cortisol. Each column shows the characteristics of the sample used for each set of analyses (DC ratio-brain analyses, brain-cognition analyses). The data are divided into three visits (as each child was followed longitudinally up to three times, every 2 years, for a total of 4 years), and the subdivisions '1, 2, and 3' for each row represent each of these visits, except for the row 'Number of participants per number of scans completed', for which each row represents the number of scans completed.
TA B L E 1 (Continued)
| Hormonal and pubertal measures
Children provided two 1-3 cm 3 samples of saliva before cognitive testing, and two samples after cognitive testing (a total of four samples), for each research visit that the child completed, every 2 years.
These samples were assayed by enzyme-linked immunosorbent assay methods and time 1 (pre-cognitive testing) and time 2 (postcognitive testing) samples were averaged separately. Care was taken to sample saliva some time (1-2 hours) after the completion of the MRI scan. Most of these measures were collected in the early morning to the early afternoon, although no waking samples were collected per se. At the next visit, a similar procedure was followed, and the child again provided two separate saliva samples for hormonal measurement before and after cognitive testing (a total of four samples).
Salivary sampling measures the free, non-protein bound, biologically active portions of circulating hormonal levels relevant to studies of brain-hormone associations. 43 Salivary cortisol levels correlate highly with serum levels; in turn serum levels correlate highly with ventricular cerebrospinal fluid levels. Cortisol shows marked reactivity to the environment, including diurnal rhythms, with morning levels up to 10-fold higher than those collected in the evening.
DHEA, as opposed to its sulfated hydrophilic form DHEAS, is easily measured in saliva and crosses the blood-brain barrier as a result of its lipophilicity. 44 Similar to cortisol, salivary DHEA levels correlate with serum DHEA levels; in turn, peripheral DHEA levels correlate with cerebrospinal fluid DHEA levels. 45 DHEA diurnal rhythm is less pronounced than cortisol (eg, morning levels are approximately two-fold higher than those collected in the evening. Androgen levels may also rise in the autumn, followed by a slow decrease during the spring and summer. 44 Both diurnal and seasonal patterns appear to be more prominent in boys than in girls. To control for these fac- were asked about physical development. We computed a puberty variable consisting of five stages, representing increasing levels of physical maturity similar to Tanner staging, as described previously. 48 Pubertal stage was also included as a covariate in hormonal analyses to account for other pubertal hormones not measured in the study (eg, androstenedione, progesterone, etc.).
| Measures of personality, behaviour and cognition
Measures of temperament, behaviour and cognition were collected after the MRI scan and after the first hormonal sampling.
| Behavioural measures
To measure internalising symptoms, we used the Anxious-Depressed subscale of the Child Behavior Checklist (CBCL) and Young Adult
Self-Report (YASR). To measure externalising symptoms, we used the Aggression and Rule-Breaking subscales of the CBCL and YASR.
The CBCL and YASR are instruments extensively used for assessing psychopathology worldwide and are appropriate for the entire age range of adolescents and young adults (ie, 6-22 years old) examined
here. These questionnaires require parents or young adults themselves to report on specific behaviours exhibited within the previous 6 months. 49 The YASR was derived from items on the CBCL and 
| Measures of personality
Given that the present study includes a typically developing sample and excludes the great majority of clinically significant psychiatric disorders, examining personality characteristics that may predispose an individual toward developing internalising or externalising disorders may represent a more sensitive method to detect mental health vulnerability than directly measuring these symptoms, particularly in a typically developing population. To measure temperament/personality traits in our sample, we used the Temperament and Character Inventory (TCI). The TCI is an measure of temperament and character traits that has been validated in adolescents and young adults. 50 The TCI measures seven dimensions of personality: four temperaments: Novelty Seeking, Harm Avoidance, Reward
Dependence and Persistence; as well as three character traits: SelfDirectedness, Cooperativeness and Self-Transcendence. 50 Overall, It measures executive function (including working memory) in an integrated way, outlining the complex, priority-based decisionmaking that is required in real-world situations. 53 The BRIEF has demonstrated high test-retest reliability (r ≈ 0.82 for parent ratings) and high internal consistency (Cronbach α ≈ 0.80-0.98).
53
To assess verbal learning and memory, we used the California 
TA B L E 2 Description of statistical models

Method
Statistical model
DHEA/cortisol ratio and cortico-hippocampal structural covariance DC ratio and corticohippocampal structural covariance (1) Beta coefficients and P-values extracted from DHEA/cortisol ratio and cortico-hippocampal structural covariance (2) Beta coefficients and P-values extracted from Cortico-hippocampal structural covariance and measures of personality, behaviour and cognition (3) Beta coefficients and P-values extracted from (1) and (2) were extracted from existing analyses, and entered in the Sobel-Goodman test calculator to formally test indirect effects CTh, cortical thickness; DHEA, dehydroepiandrosterone; DC, ratio between DHEA and cortisol; Hipp, hippocampus. The specific statistical term of interest is underlined in each model; the rest of the terms represent control variables; "id" refers to a specific participant's identification number: this term is included in order to identify and link all longitudinal data from the same participant; "I" to the identity matrix of the mixed effects model; "CTh" in Cortico-hippocampal structural covariance and measures of personality, behaviour and cognition refers to average cortical thickness of the brain regions found to be significant in DHEA/cortisol ratio and cortico-hippocampal structural covariance
To assess mathematical abilities, we used the Woodcock-Johnson 
| Statistical analysis
Statistical analyses were performed using surfstat (Matlab toolbox designed by Keith J. Worsley; http://www.math.mcgill.ca/keith/ surfstat) for neuroimaging analyses and spss, version 21.0 (IBM Corp., Armonk, NY, USA) for behavioural/cognitive analyses. Futher details on the statistical models used are provided in Table 2 . Of note, a correction for multiple comparisons using random field theory (P < 0.05) was applied to all analyses.
| DHEA/cortisol ratio and corticohippocampal structural covariance
Mixed effects designs were used to model the relationship be- and beyond those related to oestradiol, testosterone or season of collection, these variables were also included as control variables in additional models. Finally, to test for sex, age and pubertal effects on the relationship between DC ratio and cortico-hippocampal networks, we tested for interactions with these variables (eg, 'DC ratio*Hippocampus*Sex') and interactions between sex, age and pubertal stage (eg, 'DC ratio*Hippocampus*Age*Sex') on whole-brain cortical thickness (Table 2 ).
| Cortico-hippocampal structural covariance and measures of personality, behaviour and cognition
To examine associations between the brain circuits impacted by DC ratio and cognitive/behavioural measures, we averaged the CTh of brain regions found to be significant and examined the significance of the interactions terms found to be significant on cognitive/behavioural measures, at the same time as controlling for all the aforementioned control variables (Table 2) .
| Indirect effects of DC ratio via corticohippocampal structural covariance
We formally tested whether DC ratio could have indirect effects on measures of personality, behaviour and cognition (via an alteration in cortico-hippocampal covariance:
1)
To examine the relationship between DC ratio and covariance of the hippocampus with the cortical region found to be significant, we extracted the coefficients and P values of the significant interaction term 'DC Ratio*Hippocampus*Sex'.
2) To examine the relationship between cortico-hippocampal covariance and cognitive/behavioural measures found to be significant, we extracted the coefficients and P values of the significant interaction term 'CTh*Hippocampus*Sex'.
3) Finally, coefficients and P values were extracted from existing analyses and tested for indirect effects using a formal Sobel's test Table 1 provides details of the sample characteristics, including the number of longitudinal scans and covariates of interest. In total, 225 subjects (128 girls) were used for analyses examining the relationship between DC ratio and cortico-hippocampal covariance (total 355 scans) and 58-203 subjects (31-112 girls) were used for analyses examining the relationship between cortico-hippocampal covariance and behavioural/cognitive analyses (total 75-293 scans). Participants were aged between 6 and 22 years old, with a mean ± SD age of 12.36 ± 1.50 to 18.21 ± 1.65 years, depending on availability of hormonal or cognitive/behavioural data.
| RE SULTS
| Sample characteristics
| DHEA/cortisol ratio and cortico-hippocampal structural covariance
As shown in Figures 1 and 2 , whole-brain analyses revealed that there was a significant interaction between sex, DC ratio (collected at time 1) and structural covariance between the hippocampus and ). Note that the relationship between this prefrontal region and the hippocampus was present for both the left and right hippocampus. In girls, higher DC ratios were associated with a more negative ACC-hippocampal covariance; in boys, higher DC ratios were associated with a more positive ACC-hippocampal covariance. Of note, there was no sex-specific association between DC collected at time 2 and cortico-hippocampal covariance. In addition, no other brain region met the threshold for significance (random field theory, P < 0.05) in the analysis involving DC ratio collected at time 2 (post-cognitive testing). Adding pubertal stage, oestradiol, testosterone or season of sampling as control variables did not result in any differences in the above findings. Finally, there were no significant interactions with age or puberty on the sex-specific relationship between DC ratio and cortico-hippocampal structural covariance.
| Cortico-hippocampal structural covariance and cognitive/behavioural measures
As shown in Figures 1 and 2 , there was a significant interaction between sex, ACC-hippocampal structural covariance and specific cognitive and behavioural measures. In girls, the ACC- F I G U R E 2 Associations between dehydroepiandrosterone (DHEA)/cortisol ratio, anterior cingulate cortex (ACC)-hippocampal structural covariance and personality traits in boys. The positive ACC-hippocampal covariance seen at higher DHEA/cortisol ratios was associated with lower scores on the cooperativeness and reward dependence subscales. Overall regression-fit-lines for ACC-hippocampus covariance are shown for different percentiles (20th, 40th, 60th, 80th, 100th) of DHEA/cortisol ratios and cognitive/behavioural scores. Note that the ACC area shown is not a pre-defined region-of-interest. Rather, this is the only region across the whole brain whose sex-specific relationship to the hippocampus significantly varied as a function of DHEA/cortisol ratio (controlled for multiple comparisons using random field theory). 
| Indirect effects of DC ratio via corticohippocampal structural covariance
As shown in Table 3 , DC ratio had significant indirect effects on verbal memory in girls, and on cooperativeness and reward dependence in boys, via its impact on ACC-hippocampal structural covariance (P ≤ 0.05). There was also a trend for the indirect effect of DC ratio on calculation scores in girls (via an alteration in ACC-hippocampal covariance; P ≅ 0.06).
| D ISCUSS I ON
The present study shows sex-specific associations between DC ratio and ACC-hippocampal structural covariance. Higher DC ratios were associated with more negative covariance between hippocampal and medial cingulate areas in girls. By contrast, higher DC ratios were associated with more positive covariance between the same areas in boys. MRI results continue to represent a somewhat crude estimate of the molecular processes occurring in the CNS and cannot be readily interpreted in terms of neurogenesis or glial proliferation.
Therefore, we cannot determine from the present study whether differences in DC ratio in vivo leads to a difference in neuronal or glial survival. However, based on prior studies of structural covariance and connectivity, 40 we could infer from the results that higher DC ra- Previous studies have shown that prolonged elevations in stress hormones may lead to loss of neurones and neural connections in both the medial prefrontal cortex and hippocampus, leading to a potential loss in top-down control. 57 In turn, these alterations in brain networks have been shown to lead to subsequent problems in cognitive and behavioural development, setting the stage for adult psychiatric disorders later on. 58 Although the present study cannot confirm that DC ratio is a valid marker for prolonged or chronic stress, we found that, across all brain regions, only a very specific region of the prefrontal cortex (the medial anterior cingulate cortex) showed significant covariance with the hippocampus as a function of both DHEA and cortisol levels. The specificity of this finding suggests that the medial ACChippocampal anatomical network may be particularly sensitive to the effects of these adrenal hormones and indicate that DC ratio could be a valid marker of anabolic and catabolic state in the CNS.
Furthermore, we found that the ACC-hippocampal structural covariance related to higher DC ratios was also associated with higher verbal memory and mathematical ability in girls; in boys, it was associated with low cooperativeness and reward dependence. These findings underline the critical role that ACC-hippocampal connections may play in the development of sex differences in cognition and personality during adolescence. Both the medial prefrontal cortex and the hippocampus are part of a cortico-limbic networks that regulates goal-directed behaviour by integrating hippocampal-dependent contextual information with cognitive information processed in the medial prefrontal cortex. 59 Interestingly, specific hippocampal areas (CA1 and subiculum) also send direct projections back to the medial prefrontal cortex, allowing the formation of a direct feedback loop between cortical and subcortical areas during memory encoding and retrieval. 59 Alterations in the structural connections between the hippocampus and the medial prefrontal cortex have previously been linked with decreased mnemonic ability, as well as disrupted emotional control in the context of various psychiatric disorders.
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Our results obtained in girls, although preliminary and awaiting replication, underline the importance of prior observations that higher DHEA or DHEA-S levels and lower cortisol levels may alter cognitive performance in a sex-specific manner. 30 Specific decreases in verbal memory have already been reported in children exposed to high-dose corticosteroids, 61 and there is some evidence indicating that, at least in adults, these toxic effects may extend to other types of memories such as episodic autobiographical memories. 62 By contrast, there is evidence from our group that endogenous DHEA levels in children and adolescents may be associated with better visual attention and working memory via cortico-amygdalar and corticohippocampal alterations 5, 36 and that higher DHEA or DHEA-S levels may predict better working memory, attention and verbal fluency in women but not in men. 30 In the present study, we find that DC ratio was associated with alterations in ACC-hippocampal covariance that were in turn related to enhanced verbal immediate recall and calculation abilities. Interestingly, this relationship between DC ratio, ACC-hippocampal covariance and WJ Calculation (but not WJ Math Fluency) emphasises the some students may have trouble with calculation because of difficulties in retrieving arithmetic facts, rather than because of a lack of understanding of mathematical concepts. 63 This supports the notion that certain types of reading and mathematical disabilities may co-occur because of a shared reliance on working memory/retrieval processes. 63 Taken together, these findings suggest that the impact of DC ratio on sex-specific reading and mathematical abilities may be a function of its impact on shared working memory processes mediated by ACC-hippocampal connections, 62 and also support the notion that sex differences in cognition can be tied, at least in part, to hormonal causes.
Our findings obtained in boys are consistent with prior reports that higher DC ratios, or lower CD ratios, may be associated with a higher frequency and severity of both internalising and externalising disorders, particularly in male children and adolescents. 7 For example, one study reports that lower CD ratios were linked to a higher risk of impaired socio-emotional functioning (lower social competence and higher externalising problems). 28 Similarly, other reports contend that higher DHEA levels relative to cortisol levels may be associated with a higher risk of conduct-related externalising problems in children. [64] [65] [66] [67] [68] [69] [70] [71] However, the findings have not been consistent across studies, with several demonstrating a higher risk of psychopathology with lower DC (or higher CD) ratios. 7 Several explanations may account for these conflicting findings. First, studies looking at the relationship between DC ratios and major depression, and finding an inverse relationship between these variables, have primarily examined adolescent girls (more prone to developing major depression). 7 On the other hand, studies looking at the relationship between DC ratios and conduct/externalising disorders, and finding a positive relationship between these two variables, have primarily examined adolescent boys (more prone to developing conduct disorders). [64] [65] [66] [67] [68] [69] [70] [71] Therefore, sex is a confounding/moderating variable that could partly explain some of the conflicting findings in the literature. Regardless of the complex mechanisms underlying the effects of DC ratio on brain structure, brain imaging studies certainly support the notion of sex-specific correlations between structural brain covariance and externalising symptoms. Female adolescents with conduct disorder demonstrate reduced insula volume relative to controls, whereas male adolescents demonstrate an increased insula volume. 77 Aggressive and defiant behaviour has been linked to a decreased right ACC volume in boys but not girls. 78 In young children (aged 6-9 years), aggression has been correlated to reduced cortical thickness in regions of the default mode network in boys but increased thickness in girls. 79 We tested these associations in both boys and girls and found support for a sex-specific effect. Indeed, ACC-hippocampal covariance (as modulated by DC ratio) was associated with lower cooperativeness and reward dependence only in boys and not in girls. Low cooperativeness and reward dependence are, in turn, associated with lower academic achievement and an increased risk of both internalising disorders (eg, mood and anxiety) and externalising disorders (eg, oppositional-defiant and conduct disorders).
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It is also interesting to note that we previously found effects of DHEA on working memory via alterations in insula-hippocampal structural covariance. 36 This effect may compound those of DC ratio on ACChippocampal covariance and personality traits, at least in boys.
Possible biological mechanisms for the DC effects observed in the present study include the neuroprotective actions of DHEA via its anti-glucocorticoid properties. Part of these anti-glucocorticoid effects of DHEA may be medicated by 7-oxygenated metabolites, in particular 7-alpha-hydroxy-DHEA. 81 This DHEA metabolite was shown to disrupt the conversion of inactive cortisone to active cortisol by 11-β-hydroxysteroid dehydrogenase. 81 However, whatever neuroprotection DHEA may afford most likely varies depending on the specific brain region involved, the developmental stage of the child and the sex-specific effects of cortisol on the CNS. Indeed, although animal models showed a sexually dimorphic effect of DHEA on glucose uptake and oxidation in the cerebral cortex and hippocampus, 9 there is no evidence of such sexually dimorphic effects of DHEA in humans, and brain-hormone studies have shown no sex differences in the impact of DHEA on cortical thickness, corticoamygdalar or cortico-hippocampal networks. On the other hand, there is well-documented evidence of a sex difference in the density and distribution of glucocorticoid receptors in the human brain, 82 as well as sex differences in neural circuits responding to corticotrophin signalling. 83 In the context of the critical transition from childhood to adulthood, this may lead to more detrimental effects of higher DC ratios in boys than girls, as observed in the present study.
| Strengths and limitations
The strengths of the present study include the large, longitudinal developmental dataset, including the repeated collection of hormonal, neuroimaging and measures of personality, behaviour and cognition.
On the other hand, the lack of association with tests measuring clinically significant behavioural parameters is somewhat perplexing. For example, DC-related alterations in ACC-hippocampal networks were not found to be associated with any of the CBCL/YASR measures related to internalising or externalising symptoms (level and frequency of anxious-depressed symptoms, aggression or rule-breaking behaviours). This suggests that, as would be expected, many other influences (environmental, hormonal and genetic) play a role in determining the clinical relevance of varying DC ratios on the development of an individual child. Another unexpected finding was the lack of any significant age or pubertal effects on the impact of DC ratio, in contrast to prior findings that DHEA-related effects on brain structure may be more prominent in pre-pubertal kids aged 4-13 years. 84 This may be because sex differences in verbal memory arise before puberty, with a mean age lower than that of our sample. 20 It is also possible that the selected cognitive and behavioural measures are not sufficiently sensitive to detect sex differences in visuo-spatial abilities, for which robust evidence suggests that the magnitude of the sex differences increases as adolescents mature. 22 Yet, other studies suggest that the stress response (and buffering response) as measured by DC ratio may be relatively stable across the pubertal transition, supporting its potential role as a biomarker of mental health vulnerability.
85
Only the DHEA and cortisol levels measured in the sample collected before cognitive testing were associated with ACC-hippocampal structural covariance, suggesting that (i) anticipatory levels of these adrenal hormones may have a more significant impact on this circuit than post-stress hormonal levels and (ii) some of the effects of DHEA on this circuit may only become apparent at higher levels of cortisol, as levels of this hormone peak earlier during the day. Nonetheless, we cannot exclude that some other variation in methodological procedures may confound the findings of the present study and explain the lack of associations between ACC-hippocampal covariance and DC ratios collected post-cognitive testing. Another limitation with regard to using the DC ratio is that many behavioural studies have used the CD rather than DC ratio. One ratio cannot simply be regarded as the inverse of the other given the differential sensitivities of these hormones to the process of pubertal maturation. 86 Therefore, the results of the present study may not be directly generalisable to populations previously studied using the CD ratio. Regarding potential adjustments for educational or environmental differences, it is difficult to entirely control for these differences. Regardless, it is important to note that the sample is counter-balanced across sites for differences in household income and, accordingly, the findings are quite generalisable to the US population and controlling for household income did not significantly alter the results. Still, even controlling for household income may not fully account for environmental/educational differences, such that confounding as a result of environmental factors remains a limitation of the present study. Finally, the differences in ages among the analysed sub-samples (ie, between the sample used for brain-hormone analyses vs samples used for each cognitive test) limit the generalisability of the results from one set to the next. However, it must be noted that results of brain-hormone analyses are similar
regardless of the age range tested.
| CON CLUS IONS
We found sex-specific associations between DC ratio and ACChippocampal structural covariance. In turn, in girls, this structural covariance was associated with higher verbal memory and mathematical ability; in boys, it was associated with low cooperativeness and low reward dependence, personality traits predictive of an increased risk of internalising and externalising disorders. These findings support the notion that the ratio between DHEA and cortisol levels may contribute, at least in part, to the development of sex differences in reading and mathematical abilities, as well as at-risk personality traits, via an alteration in ACC-hippocampal structure during the transition from childhood to adulthood.
